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The quest for a spin-polarized organic light emitting diode (spin-OLED) is a common goal in the 
emerging fields of molecular electronics and spintronics. In this device two ferromagnetic 
electrodes are used to enhance the electroluminescence intensity of the OLED through a magnetic 
control of the spin polarization of the injected carriers. The major difficulty is that the driving 
voltage of an OLED device exceeds of a few volts, while spin injection in organic materials is only 
efficient at low voltages. We report here the fabrication of a spin-OLED that uses a conjugated 
polymer as bipolar spin collector layer and ferromagnetic electrodes. Through a careful 
engineering of the organic/inorganic interfaces we have succeeded in obtaining a light-emitting 
device showing spin-valve effects at high voltages (up to 14 V). This has allowed us to detect a 
magneto-electroluminescence enhancement on the order of a 2.4 % at 9 V for the antiparallel 
configuration of the magnetic electrodes. This observation provides evidence for the long-standing 
fundamental issue of injecting spins from magnetic electrodes into the frontier levels of a 
molecular semiconductor. Our finding opens the way for the design of multifunctional devices 
coupling the light and the spin degrees of freedom.  
 
 
 
Molecular spintronics has successfully crossed its first 15 years of life becoming an important 
player in the race towards the fabrication of next generation spintronic devices.[1–5] In this 
context, the development of multifunctional spintronic devices, taking advantage of the 
properties exhibited by molecular semiconductors, represents one of the key challenges in this 
area.[1,6–10] An archetypical example of this type is provided by so-called spin-OLEDs, in which 
spin-polarized injection is combined with light emission.[7,8,11,12] In these multifunctional devices 
the spin polarization (SP) is expected to establish a quantum control over the statistics of singlet 
and triplet excitons in the emitting material, changing the singlet-to-triplet population and 
enabling a magneto-electro-optical multifunctionality.[6,13] This may represent a new route for 
magnetically tuning the light emission and, more importantly, it may embody a powerful tool 
for the demonstration of induced SP in the electronic states (HOMO and LUMO) of an organic 
material. In fact, the possibility to establish non-equilibrium SP inside a molecular material is 
still an open question.[2,7–9,14,15] We tackle this fundamental problem in a specially designed 
OLED with spin-polarized injectors.  
 
The first devices of this kind, fabricated without deep interface engineering, required excessively 
high voltages for the generation of a detectable light intensity.[16] Further interface improvements 
solved this problem, opening the possibility for a real analysis of the SP effects. In this context 
two papers stand out. Salis et al.[17] reported a Ni/SAD/Alq3/Py OLED and did not detect any 
effect coming from the SP of the injected carriers. Instead, this study revealed an important 
artefact: the stray fields of these electrodes cause the so-called organic magnetoresistance 
(OMAR) effect in the molecular layer.[18] Since the stray field depends on the mutual orientation 
of the electrodes, this situation mimics the one usually associated with spintronic effects. In a 
more recent paper, Nguyen et al. fabricated a magnetic OLED based on LSMO/DOO-
PPV/LiF/Co with the aim of achieving a magnetic control in the electroluminescence (EL) of 
the device by means of the SP injecting electrodes.[12] Aware of the artefacts described above, 
they demonstrated the detection of magnetoresistance (MR) and especially the detection of a 
small but clearly measureable decrease in the EL for the antiparallel orientation of the spin 
polarised electrodes compared to the parallel one. The employed detection scheme, consisting 
in EL measured at constant voltage, left unfortunately ambiguous the achievement of the 
spintronic control of these OLEDs. Indeed, the detected reduction of light emission occurred 
simultaneously with the current reduction through the device caused by positive 
magnetoresistive effect. Thus, the possibility that the effect could be due to the trivial reduction 
of exciton pumping rate cannot be ruled out.  
 
We present below a highly efficient OLED with spin polarized electrodes, in which the 
manipulation of the spin dependent exciton statistics is unambiguously controlled by the mutual 
magnetic orientation of the electron and hole spin polarized injectors. We fabricate a spin-
polarized OLED device based on a hybrid organic-inorganic LED (HyLED).[19] We have chosen 
such a structure since its driving voltage, Von, has shown to be comparatively lower than that 
provided by a conventional OLED. The structure of the device is sketched in Figure 1a and the 
corresponding HRTEM image of the cross section of the device showing the quality of the 
interfaces is depicted in Figure 1b. As FM electrodes, we have used LSMO (cathode) and Co 
(anode) since they have work functions close to those of the non-magnetic electrodes commonly 
used in HyLEDs (ITO and Au, respectively). As organic semiconductor, the light emitting 
conjugated polymer poly(9,9-dioctylfluorene-co-benzothidiazole) (F8BT) has been used since it 
can provide intense green EL (Figure S1-S2); in addition, its bipolar character can facilitate the 
establishment of a bipolar charge transport regime in the device.[19,20]  
To optimize the charge injection from the electrodes to the F8BT, interfacial layers have been 
inserted to tailor the energy-level alignment between the molecule’s frontier orbitals and the 
electrode’s work functions.[21] We have used ultraviolet photoemission spectroscopy (UPS) to 
guide the choice of appropriate interfacial layers (see Methods and Figure S3). Figure 1c shows 
the energy level alignment of the LSMO/F8BT/Co device without engineered interfaces, while 
Figure 1d shows the energy level alignment of the interface-engineered device. In this device we 
have inserted a thin layer (3 nm) of molybdenum oxide (MoOx) at the Co/F8BT interface to 
move the HOMO level of the F8BT layer close to the Fermi level, and thus facilitate holes 
injection. MoOx has been extensively used as hole injection layer (HIL) in hybrid OLED 
devices.[19] In a recent work we have shown by spin-polarised UPS that MoOx increases the work 
function of the cobalt electrode from -5.0 to -5.8 eV, thus reducing the hole injection barrier 
from the electrode to the HOMO of the F8BT.[13] More interestingly, up to a nominal MoOx 
thickness of 3 nm, the spin polarization close to the Fermi level is virtually unaffected by the 
presence of this interfacial barrier.  
 
On the other hand, to move the LUMO level of the F8BT close to the Fermi level of the LSMO 
electrode, and thus to reduce the electron injection barrier, we have used the commercial polymer 
polyethylenimine ethoxylated (PEIE; Figure S1a) as electron injection layer (EIL). PEIE 
contains simple aliphatic amine groups able to create a strong interface of molecular dipoles. 
This surface modifier has shown to substantially reduce the work function of the metallic 
electrodes in organic optoelectronic devices, thus facilitating the injection of electrons to the 
LUMO of the organic semiconductor.[22] In the present case, UPS measurements have shown 
that the deposition of an ultrathin layer (c.a. 1 nm) of PEIE on LSMO through spin coating 
reduces the work function from -4.7 to -3.7 eV (Figure 1d and Figure S3). This value matches 
well with that of the LUMO of the F8BT (-3.5 eV). As optoelectronic device, this hybrid LED 
structure exhibits at low temperatures the EL spectrum characteristic of F8BT, which is 
maintained in all the range of temperatures investigated (Figure S2). The effect of the EIL on 
the EL of the device can be clearly seen in Figure 2: at low temperatures (20 K) the presence of 
PEIE significantly decreases the Von value from 10 V to 7 V, while the luminance increases by 
more than one order of magnitude. As expected, due to the semiconducting character of F8BT, 
this driving voltage is higher than that measured at room temperature (Von= 3.7 V).  
 
 
Figure 1. Sketch of the structure of the spin-OLED device showing the band energy levels. 
a. Schematic structure of the layers composing the device. b. HRTEM image of the cross section 
of the device showing the high quality of the interfaces. c. Energy band alignment of the device 
without using interfacial layers between the organic semiconductor (F8BT) and the electrodes. 
d. Energy band alignment in the interface-engineered device. 
 
Note that this hybrid structure is very robust from the optoelectronic point of view, as it maintains 
the EL features when PEIE is changed by another EIL. To support this point we have used as 
EIL the Ru(II) complex bis(4,4’-tridecyl-2,2’-bipyridine)-(4,4’-dicarboxy-2,2’-
bipyridine)ruthenium(II)-bis(chloride) (in short N965; Figure S1b). This amphiphilic molecule 
has already been used for this purpose in hybrid LED structures.[13] In the present example it has 
been organized as a monolayer on LSMO using the Langmuir-Blodgett technique. UPS 
measurements show that the presence of this dipolar monolayer leads to a reduction in the work 
function of the LSMO similar to that obtained for PEIE (from -4.7 to -3.8 eV, Figure S3). As a 
result, this EIL also leads to a similar improvement in both Von value and luminance intensity 
(Figure 2, Figure S4, Figure S13).  
 
Figure 2. Electroluminescence of the spin-OLED device upon insertion of an EIL. Data 
recorded at 20 K varying the bias voltage from -2 to 14 V. For both, the device fabricated with 
PEIE (green circles) and that fabricated with N965 molecules (red up-pointing triangles), Von= 
7 V, while for the device without EIL (grey down-pointing triangles) this value increases to Von= 
9.5 V. 
 
As far as the spintronic properties of the multifunctional device are concerned, we observe that 
the field dependence of the resistance exhibits the typical features of a spin valve, indicating that 
the current passing through the device is able to preserve its spin-polarization. Thus, two 
different resistance states are observed depending on the relative magnetic alignment of the two 
magnetic electrodes. Figure 3a shows the MR of the device measured at 20 K under a voltage of 
9 V. The MR of the device at low voltages is showed in Figure S11. This MR response is 
hysteretic and follows the coercive fields of the electrodes (see Figure S5). It is remarkable that 
this spin valve response is maintained up to voltages of 14 V, which are well above the driving 
voltage of the OLED (Figure 3b). The SP current is preserved up to 180-200 K, with a thermal 
evolution of the MR resembling the one of the bulk LSMO magnetization (Figure 3c and Figure 
S6c).  
 
  
Figure 3. Magnetoresistance characterization of the spin-OLED device. a. MR at 9 V and 
20 K of the device containing PEIE as EIL. Purple and grey arrows point the FM electrodes 
magnetization direction. b. MR as a function of voltage for different temperatures. c. MR at 9 V 
and LSMO magnetization decay as a function of temperature. The absence of a flat antiparallel 
region is quite typical behaviour in spintronic devices, even for inorganic materials.[23,24] 
 
The stabilization of a SP current in the same range of voltage and temperatures, where light 
emission is observed, is the necessary condition to detect a MEL response in the hybrid device. 
The MEL response is defined by ((ELap-ELp)/ELp), being ELap and ELp the experimental 
electroluminescence values obtained in the antiparallel and parallel states of the electrode’s 
magnetization, respectively.[12] In the present case, MEL is indeed observed showing a 
maximum value of 2.4 % in the AP state at 9 V and 20 K (Figure 4a). The absolute value of the 
MEL effect for different voltages (Figure S8) follows the variation of the MR with voltage 
(Figure 3b). It is observed for voltages above 8 V. Furthermore, it decreases when the 
temperature is increased being clearly observed up to 100 K.  
 
 
 
Figure 4. Magnetoelectroluminescence (MEL) characterization of the spin-OLED device. 
a. MEL response at 9 V and 20 K exhibiting a maximum enhancement of light emission of 2.4 % 
in the AP state configuration of the electrode’s magnetization. b. MEL response measured at 
100 K and 9 V showing the appearance of an important OMEL contribution due to the organic 
F8BT polymer.  
 
This MEL effect gives rise to an enhancement of the EL in the AP state, in agreement with the 
presence of spin-polarised charge carriers in the F8BT. At temperatures close to 100 K the 
magnetoelectroluminescence is masked by the intrinsic organic MEL effect (OMEL, Figure 4b). 
This last effect is related to the external magnetic field and not to mutual magnetisation of the 
electrodes being opposite to the previous one and leading to a minimum value of the EL at zero 
field. It originates from the influence of variations in the local magnetic field over the 
recombination and transport processes of the injected carriers in the organic semiconductor.[25,26] 
The hyperfine nuclear field in the organic semiconductor is the major responsible of this effect. 
As the temperature is progressively increased, the OMEL effect is enhanced at expenses of the 
MEL signal related to the spin valve performance of the device, which sharply diminishes upon 
heating, being therefore masked by the OMEL signal above ca. 100 K. This evolution results 
from the weak temperature dependence of the OMEL effect, directly observed in a blank sample 
formed by non-magnetic electrodes (see Fig. S12), and also pointed out by other authors in other 
semiconductor thin film devices.[27,28] 
 
The fact that the MEL response follows the coercive fields of the electrodes (Figure S5) is a first 
indication that a SP is the responsible of this behaviour. However, a systematic study has been 
performed in order to discard that this light modulation comes from artefacts induced by the 
electrodes in the structure, which could mimic spin dependent processes of the injected carriers. 
The first artefact is the coupling of the current with light emission. According to this, an 
enhancement of the light emission should be observed when the current through the device is 
increased. In our case we observe the opposite trend (i.e., an enhancement of the light emission 
when the current is reduced by the spin valve effect in the AP state, Figure S9). This result 
discards the artefact and supports the SP effect as responsible for the light modulation[7,16,29] in 
clear contrast with previous reports.[12]  
 
A second artefact may be induced by the stray fields of the ferromagnetic electrodes.[17] This can 
induce a hysteretic response of the EL under sweeping of an external magnetic field, which 
would not be related to the spin valve effect in the device. In order to discard this situation three 
reference devices were fabricated (without ferromagnetic electrodes, with Co as single FM 
electrode and with LSMO as single FM electrode) and studied in the same conditions as the spin-
OLED (Figure S10). In the three cases no hysteretic features were observed and the EL response 
had an opposite sign with respect to the MEL effect observed in the spin-OLED. 
 
A third artefact may be related with the effects of the ferromagnetic electrodes on the current 
and light emission responses under the application of external magnetic fields. We have 
discarded possible artefacts in the measured MR and MEL signals caused by high resistances of 
the ferromagnetic electrodes because the resistance of the Co can be neglected and LSMO cannot 
induce any artefact since the device is 10 times more resistive than this electrode and furthermore 
its MR shows the same sign as the device. 
 
The above discussion clearly demonstrates the achievement of spin-polarised injection in the 
electronic levels of the organic semiconductor. This demonstration has been enabled by the 
ability to maintain this SP at high bias voltages. This feature is quite unusual for molecular spin 
valves,[7,15,30,31] which, in general, show a complete degradation of their spin-polarization signal 
for high voltages. As mentioned before, one of the reasons is that for most molecular spin valves 
the spin injection does not take place through the frontier orbitals of the organic semiconductor, 
but through its traps or impurities.[14] In our case, we have shown that, through a careful interface 
engineering, the energy-level alignment between the molecule’s frontier orbitals and the 
electrode’s work functions can be optimized in such a way that polarised charges are injected in 
an efficient way at the HOMO and LUMO levels of the F8BT, thus maintaining the spin-
polarization at high voltages. This result is also favoured by the fact that in our device these 
charges recombine to emit light for V>Von. Thus, at these high voltages this recombination of 
charges leads to a significant reduction of charge density in the F8BT. Such a mechanism may 
contribute to reduce spin-spin scattering processes, leading to a reduction of this spin relaxation 
rate.[32] The understanding of the particular transport mechanism in the framework of 
HOMO/LUMO channels, on the other hand, is a difficult and laborious task and requires a 
dedicated research going well beyond the goals of this paper. For example, details of transport 
in some organic materials are still debating. Noteworthy, to the best of our knowledge this is the 
first example of devices showing both SP related MEL and magnetic field related OMEL effects 
(see above), reversibly enhanced or suppressed by voltage variations. This coexistence 
represents and additional evidence for carrier transport along the HOMO/LUMO levels.[33]  
 
It is worth to note that this hybrid structure is not only robust from the point of view of its 
optoelectronic properties, but also from the point of view of the spintronic properties. In fact, the 
spin polarized properties are maintained when the interfacial EIL layer is changed from PEIE to 
N965. (Figure S4-S5-S6-S7-S10). In general, the performance of the N965-based device shows 
lower values than the PEIE-based device in both the MR (6 % compared to 9.5 % at 20 K and 2 
V) and the maximum enhancement of the MEL (1 % compared to 2.4%). A possible reason to 
explain this difference may be related with the stronger spin-orbit coupling of the N965 
molecule, as it contains Ru. 
  
In summary, we have prepared a robust spin-OLED that shows an increase in the magneto-
electroluminescence (≈ 2.4 %) for the antiparallel configuration of the magnetic electrodes. This 
result is especially relevant since for this configuration the total current flowing through the 
OLED is reduced with respect to that for the parallel configuration due to magnetoresistance 
effects. In OLEDs the singlet/triplet ratio is determined by quantum ich statistics to be 1:3. In an 
ideal spin polarized OLED with a 100 % spin polarization. This ratio increases up to 1:1 for 
opposite spin polarization of injected electrons and holes, thus leading to a significant increase 
of EL efficiency. In contrast, parallel spin states for electrons and holes result in the exclusive 
formation of triplets, which are not emitting and therefore the EL vanishes. In our device, these 
two limit values are not reached since only a small fraction of the injected charges are spin 
polarized. In order words, the polarized spin current represents a small effect of the total current 
and consequently only a small fraction of the measured EL is caused by spin polarization. This 
makes difficult to use MEL results to directly estimate the amount of spin polarization. In any 
case, the enhanced MEL effect observed in our device provides an unequivocal evidence for the 
long-standing fundamental issue of inducing spin polarization in the bulk of molecular solids. 
Noteworthy, this proof, together with the absence of the Hanle effect in molecular spintronic 
devices —well-established previously and also confirmed for these devices— evokes a 
conceptually new physics for the description of the spin-environment interactions in molecular 
solids. This novel strategy, which employs a hybrid organic-inorganic LED structure and 
commercial materials to design a robust spin-OLED, opens the way for preparing new types of 
molecular-based multifunctional spintronic devices showing a synergy between spin and a 
second functionality such as light emission, electrical memory or photovoltaics. 
 
 
Experimental Section  
Fabrication of spin-OLEDs and materials. The device under study was fabricated by combining 
solution processing methods and evaporation techniques. A LSMO electrode with a thickness of 
20 nm was grown by Channel-Spark ablation (CSA)[34] on (100) oriented transparent SrTiO3 
substrates, and employed as the cathode and spin injector electrode of the structure. For the 
device with PEIE as EIL, Polyethylenimine, 80% ethoxylated (PEIE) (Mw = 70,000 g/mol), was 
dissolved in H2O with a concentration of 35-40 wt.% as received from Aldrich. Then it was 
further diluted with 2-methoxyethanol to a weight concentration of 0.025%. The solution was 
spin coated on top of the substrates at a speed of 5000 rpm for 1 min and an acceleration of 1000 
rpm/s. Spin-coated PEIE films were annealed at 100 ºC for 10 min on a hotplate in ambient air. 
The thickness of these PEIE layers was determined to be ca. 1 nm by combining AFM scratching 
technique and absorption measurements. For the device with N965 as EIL, a molecular ionic 
junction constituted by a monolayer of a charged ruthenium complex[35] was deposited by 
Langmuir-Blodgett technique on the LSMO cathode. The synthesis of this ionic ruthenium 
complex, with formula bis(4,4’-tridecyl-2,2’-bipyridine)-(4,4’-dicarboxy-2,2’-
bipyridine)ruthenium(II)-bis(chloride) (N965), is described elsewhere. 
After the deposition of the EIL, a 45 nm thick film of the light emitting conjugated polymer 
poly(9,9-dioctylfluorene-co-benzothidiazole) named as F8BT, received from Aldrich, was 
deposited by spin-coating from a chlorobenzene solution. After the polymer deposition, the 
sample was transferred to a thermal evaporator where 3 nm MoOX layer were evaporated on top 
of the whole device. This thickness is a good compromise for the correct optoelectronic 
performance of the device as well as from the spintronic point of view.[13] A new shadow mask 
in a cross-bar configuration respect to the LSMO was used for the deposition of 18 nm of Co by 
thermal evaporation. Without breaking the vacuum, a gold capping layer of 35 nm was 
deposited. The active area amounts to 500 x 500 µm. 
 
Magnetoresistance and magnetoelectroluminescence measurements. The MR ratio in the spin-
OLEDs has been calculated taking the parallel configuration of electrode magnetizations as the 
reference, using the expression ΔR/Rp= ((Rap-Rp)/ Rp)·100 % where Rp, and Rap, the 
resistance in the parallel and antiparallel states, respectively. The LSMO contribution in the 
MR/MEL responses has been systematically subtracted from each experimental curve. The 
magnetoelectroluminescence intensity was detected by employing a Si-photodiode coupled to a 
Keithley 6485 picoamperometer. The photocurrent was calibrated using a Minolta LS100 
luminance meter. An Avantes luminance spectrometer was used to measure the EL spectrum of 
the device. 
 
Work function measurements. To detect the work function at the engineered interfaces (LSMO 
/PEIE, LSMO/N965) we have used UPS in a setup similar to the one described in the work23. 
Shortly, the excitation source is a VUV5000 monochromatized vacuum ultraviolet lamp 
(Scienta), operated at the He II line (hν = 40.8 eV). The light incident angle is 45◦. The 
photoelectrons are collected at normal emission using a hemispherical energy analyser for 
parallel energy and momentum detection (SPECS Phoibos 150). All presented measurements 
were performed at room temperature. 
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